Objective: To report in African Americans with type 1 diabetes the association of single-nucleotide polymorphisms in 193 candidate genes with diabetic retinopathy (DR) and/or its progression.
D
ESPITE EFFECTIVE TREATments for the severe forms of diabetic retinopathy (DR), the disease remains the leading cause of blindness in 20-to 64-year-old persons with diabetes mellitus (DM) in the United States. 1, 2 In this group, proliferative DR (PDR) and macular edema are the 2 main causes of visual loss. 3 Environmental and clinical risk factors for PDR have been reported previously for various populations with type 1 DM and include longer duration of diabetes, poor glycemic control, systemic hypertension, and proteinuria. 3, 4 These, however, account for only a portion of the severe forms of the disease. 5 Familial aggregation of severe DR, independent of the known clinical risk factors, has been reported in patients with DM. [6] [7] [8] [9] [10] [11] Thus, it is likely that genes, possibly combined with environmental factors, account for some of the variance in DR severity. [12] [13] [14] While the pathophysiology of DR remains unclear, a number of metabolic pathways and their associated genes have been implicated. [13] [14] [15] [16] Such candidate genes include those involved in glucose metabolism and transport, synthesis and degradation of basement membranes, angiogenesis, inflammation, blood pressure regulation, coagulation, and neurotransmission. Previously published studies of these candidate genes for DR, however, have yielded conflicting data, most likely the result of many studies having involved small sample sizes and poorly characterized phenotypes. 11, 14, [16] [17] [18] [19] Other potential problems may include population stratification and the possible involvement of more than 1 gene.
We previously assembled (baseline), examined (baseline), and reexamined (6-year follow-up) a large, geographically well-defined population of African Americans with diagnosed type 1 DM: the New Jersey 725. 4, 5, 20, 21 At each examination, patients' retinal status was well characterized using masked grading of the 7-field stereoscopic fundus photographs. [22] [23] [24] Standard protocols were used to document diabetic complications and biological abnormalities. We found that clinical risk factors associated with either any progression of DR or progression to PDR accounted for only 27% of the variance in DR severity. 5 Because our New Jersey 725 cohort provides a unique opportunity to examine genes associated with DR in African Americans with type 1 DM, we studied the associations between se-vere DR and/or its progression and polymorphisms in 193 candidate genes in this population.
METHODS

STUDY POPULATION
The original cohort consisted of 725 African Americans with type 1 DM who participated in the New Jersey 725 study between 1993 and 1998. 20 Patients with a discharge diagnosis of DM were identified from the New Jersey Hospital discharge data, which lists all patients who have been admitted to New Jersey hospitals. This computer-generated list includes demographic information about patients, including race. African Americans with diagnosed DM and treated with insulin before 30 years of age and who were currently taking insulin were further identified from a random review of 13 615 medical records. Exclusion criteria were type 2 DM, diagnosis after age 30 years, and maturity-onset diabetes of youth. [25] [26] [27] Ethnicity was determined from the hospital record and later confirmed by selfidentification. Patients were also asked to confirm that both of their parents were African American. Of the original cohort of 725 subjects, 508 participated in the 6-year follow-up examination between 1999 and 2004. At the 6-year follow-up, 25 of the 508 participants (4.9%) who were no longer receiving insulin were excluded from further analyses. 21 Of the remaining 483 patients, blood was drawn for genetic studies in 337 patients at the time of the 6-year follow-up and in 82 patients who were subsequently recalled for blood draws between 2005 and 2006. An additional 18 African Americans with type 1 DM were also recruited for genetic studies using the same inclusion criteria as in the patients in the New Jersey 725 study. 20 Thus, there were 437 patients available for genotyping.
CLINICAL PROCEDURES
Patients were examined in the Eye Clinic of University Hospital in Newark, New Jersey. Upon arrival, informed written consent was obtained from each study participant. Patients underwent a complete eye examination that included dilated retinal examination and 7-field stereoscopic Diabetic Retinopathy Study retinal photographs. 22 Also obtained were height, weight, and blood pressure measurements. A structured clinical interview included detailed medical and ophthalmologic histories as well as sociodemographic factors and lifestyle variables. Previous ophthalmic medical records were obtained. Dates of all previous ophthalmologic procedures, including panretinal laser photocoagulation and/or pars plana vitrectomy for PDR were recorded. Venous blood was drawn for measurement of total glycosylated hemoglobin and high-and low-density lipoprotein cholesterol and total cholesterol. A 4-hour timed urine collection was obtained for measurement of albumin excretion rate and creatinuria. The institutional review board at the University of Medicine and Dentistry of New Jersey, New Jersey Medical School, Newark, approved the study.
DR GRADING, SEVERITY, PROGRESSION, AND AGE AT DIAGNOSIS
Color fundus photographs were graded for DR severity in a masked fashion by the Wisconsin Fundus Photograph Reading Center in Madison. The modified Early Treatment of Diabetic Retinopathy Study Airlie House classification of DR was used. 23, 24 Level 10 indicates no DR; levels 20 to 53, nonproliferative DR of increasing severity; and levels 61 to 85, PDR of increasing severity. 24 The following variables were recorded and defined:
Severe DR is defined as an Early Treatment of Diabetic Retinopathy Study level of 53 or greater in the worse eye or history of panretinal laser photocoagulation or vitrectomy for PDR. 24 For patients with severe DR, age and duration of DM are recorded at the time that severe DR was first documented, ie, either at the time of the first laser or vitrectomy procedure, as recorded in the patients' medical record, or if no procedure had been done at the time of the study examination when severe DR was found. For patients without severe DR, clinical characteristics are those recorded at the time of the last follow-up examination.
Progression of DR was defined in the 337 patients in the New Jersey 725 study who had nonproliferative DR at baseline (ie, DR severity level in the worse eye of Ͻ61 and no panretinal laser photocoagulation or vitrectomy). For those patients, progression at the 6-year follow-up was considered absent if DR severity level in the worse eye remained below 61 and there was either (1) no change in DR severity level (eg, severity level of 35 at both baseline and 6-year follow-up) or (2) an increase of 2 or fewer severity levels (eg, level 10 at baseline increasing to level 35 at 6-year follow-up). Progression was considered severe if DR severity level at the 6-year follow-up either (1) increased to 61 or higher and/or the patient had undergone panretinal laser photocoagulation or vitrectomy, or (2) went from level 10 at baseline to level 53 at the 6-year follow-up. All other patients were considered to have intermediate progression.
Age at diagnosis of DM was defined as the age at which the diagnosis of DM was first recorded in the patient's hospital record by a physician. Systemic hypertension was defined as present if either the systolic blood pressure was 140 mm Hg or higher and/or the diastolic blood pressure was 90 mm Hg or higher, or if the patient was taking antihypertensive medication. Microproteinuria was considered to be present if the albumin excretion rate was 20 to 200 µg/minute. Overt proteinuria was considered to be present if the baseline albumin excretion rate was greater than 200 µg/minute or the patient had dialysis or had had a kidney transplant.
GENOTYPING
Selection of Candidate Genes and Single-Nucleotide Polymorphisms
Single-nucleotide polymorphisms (SNPs) were chosen primarily from among genes that appear to be good candidates for either involvement in the metabolic processes underlying the events leading to DR or the clinical risk factors for DR as well as from those that have previously demonstrated potential associations with DR. 13, 15, 16 Special attention was given to genes involved in glucose transport and metabolism, angiogenesis, inflammation, neurotransmission, hypertension, and retinal development. A total of 1536 SNPs were selected to construct a GoldenGate Custom Panel (Illumina Inc, San Diego, California). Once a gene was selected, on average 8 SNPs were chosen based on their distribution across the primary block structures of the gene to capture the haplotype diversity across the gene. A set of tagging SNPs was first selected using Tagger. 28 These were then assessed for the availability of a GoldenGate assay (Illumina). Preference was given to nonsynonymous SNPs and those reported to have minor allele frequencies greater than 0.10 in more than 1 population. The 5Ј (1000 base pairs) and 3Ј (2500 base pairs) noncoding regions were included as part of the definition of a gene for SNP selection. Plates were constructed with duplicate and quality-control samples. Genotyping was performed at the University of Texas Southwestern Medical Center's Microarray Core Facility, Dallas.
Assessment of Population Stratification Using Ancestry Informative Markers
The samples have been previously genotyped for 186 ancestry markers. 29 The same ancestry informative markers have also been genotyped in 1051 individuals from the 51 worldwide populations represented in the Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain Human Genome Diversity Cell Line Panel (http://www.cephb.fr /HGDP-CEPH-Panel). The program structure 2.2 (http://pritch .bsd.uchicago.edu/software.html) has been run simultaneously using the ancestry informative marker genotypes from our sample and the 51 Centre d'Etude du Polymorphisme Humain populations to identify population substructure and to compute individual ethnic factor scores. This ancestry assessment showed a lack of substantial substructure with a European factor score on average of 0.09 (median, 0.04). Both a Middle East and an Asian factor had an average score of 0.06 (median, 0.04).
STATISTICAL ANALYSIS
All SNPs were assessed for quality control, which included testing for Hardy-Weinberg equilibrium, call rate, and minor allele frequencies. Two strategies were used in the analysis. For individual SNPs, analyses were performed irrespective of qualitycontrol considerations, but significant SNPs that failed qualitycontrol tests were eliminated. For haplotype analyses, SNPs were removed prior to analysis based on a minor allele frequency of less than 0.05, a call rate of less than 0.80, or PϽ.001 for departure from Hardy-Weinberg equilibrium.
Testing of individual SNPs was done using logistic regression with sex, diabetes duration, glycohemoglobin, and cholesterol as covariates. Haplotype trend regression for 2-to 6-locus haplotypes, using sliding windows, was also performed, with the same covariates as with individual SNPs. 30 Analyses were conducted using HelixTree (Golden Helix Inc, Bozeman, Montana).
RESULTS
Clinical characteristics of the patients with (n=128) and without (n=309) severe DR are presented in Table 1 . Compared with patients without severe DR, those with severe DR were more likely to have a longer duration of DM (P =.003), systemic hypertension (P Ͻ.001), overt proteinuria (P Ͻ .001), higher blood cholesterol levels (P Ͻ .001), and depression (P Ͻ .001); and to be older (PϽ.001). There was no significant difference in mean A total of 1536 SNPs from 193 retinopathy candidate genes were selected. An overall call rate of 98% was obtained. Of the 1536 SNPs, 10 in this sample were monomorphic and were excluded. Following adjustment for sex, duration of DM, glycosylated hemoglobin, and cholesterol, 5 of the 1526 were significant at PϽ.001, 12 were significant at P Ͻ.01 but PϾ .001, and 61 were significant at PϽ.05 but P Ͼ.01. Of these, 3, 11, and 52 SNPs, respectively, also met all quality-control criteria. Significant associations between SNPs and severe DR are presented in Table 2 for the genes with at least 1 SNP at PϽ.01. Only the most significant SNP for each gene is tabulated after adjustment. Results for all genes and SNPs under different adjustments and their quality-control characteristics are provided in a supplemental table (http: //www.umdnj.edu/eyeweb/library/supplemental_table .pdf). These results were largely robust to adjustment for other clinical risk factors for DR (ie, hypertension, proteinuria, or depression).
To get a handle on the contribution of variation in each of these candidate genes to retinopathy susceptibility (as opposed to the contribution of individual SNPs), we used a sliding-window haplotypes approach using windows that ranged from 2 to 6 SNPs and we used a graphical representation of an assessment of P values to examine results (GrASP 31 ). Haplotype analysis led to the classification of 4 genes as being of particular interest: BBS2, HTR1B, a region containing both PROS1 and ARL6, and DRD2. We illustrate the approach based on BBS2 (Figure) . Fifteen SNPs were genotyped in BBS2. The flanking SNPs were rs2288056 and rs17841923. In the single SNP analysis, 2 SNPs demonstrated significance at P =.01: rs4784675 (Table 2 ) and rs12596017. Haplotype analysis identified a region of BBS2 in which haplotypes consistently demonstrated a strong association with DR, seemingly centered on rs4784675 with Figure) . Similar results were obtained for the other 3 genes/regions. In each instance for these 4 candidates, at least 1 of the haplotype analyses among the set of all haplotype analyses for that gene exceeded a Bonferroni-corrected P value of .05.
While a comparable set of data is not available for replication, we analyzed the longitudinal data for progression of DR. In this analysis, those with the most severe DR were excluded, as there was no further progression to be documented. Individuals were classified as having little or no change vs progressors (either intermediate or progression to severe disease). In this analysis, 95 SNPs were significant (P = .05) with 76 meeting all qualitycontrol criteria. This includes 4 (3 passing quality control) that were significant at P Ͻ.001 and 19 (14 passing quality control) at P=.01. Table 3 lists the most significant SNP in each of the genes that have at least 1 SNP at PϽ.01. Note that SLC2A1, FLT1, and HLA-B have the highest significance for both prevalent disease as well as for progression and that the same SNP for both is most associated. While HTR1B, BBS2, ROBO2, DRD2, and ANGPT1 have the highest significance for prevalent disease and do not appear in Table 3 with PϽ.01, they each have at least 1 SNP that is significant at P = .05 for progression.
COMMENT
In the present study, we found that SNPs in 10 genes involved in glucose transport and metabolism, angiogenesis, neurotransmission, hypertension, and retinal development were significantly associated with severity of DR in African Americans with type 1 DM. Three of those same genes were also significantly associated with the progression of DR. These data confirm a role of genetic factors in relation to the development of DR and indicate that more than 1 pathway may be involved. 12, 14 These results were robust to adjustment for other clinical risk factors for DR in this population. We will not discuss each gene that demonstrated association. Rather, we will highlight the biological plausibility for several to illustrate the merits and implications of these results.
On chromosome 1, 1 of the glucose transporter genes (SLC2A1 or GLUT1)-a member of a family of sodiumindependent glucose transporter proteins-is significantly associated with both severe DR and progression of DR. GLUT1 is the predominant glucose transporter across endothelial cells of the inner blood-retinal barrier into the retina. 32, 33 In DM, increased glucose transport and/or GLUT1 expression in endothelial cells is upregulated by hypoxia, growth factors, and/or cytokines, all of which are present in DR. [34] [35] [36] GLUT1 is also expressed in the retina in nonvascular cells (ie, glia, ganglion cells, and photoreceptors). 33 In DM, those cells show abnormalities that may contribute to the vascular changes of DR. 37 Because hyperglycemia is 1 of the strongest clinical risk factors for progression of DR, GLUT1 is a likely candidate gene for DR. 38 It is noteworthy that polymorphism of GLUT1 has so far been implicated only in diabetic nephropathy. 16, 39, 40 Oxidative stress resulting from hyperglycemia is another potential etiopathogenic factor for DR. 13, 15 In support of this is our finding that genes with antioxidant properties, RXRA and CAT, are significantly associated with progression of DR. [41] [42] [43] Neovascularization and increased retinal vascular permeability are present in DR and are the 2 major causes of visual loss. 3 In our African American patients with diabetes, 2 genes related to angiogenesis-ANGPT1 on chromosome 8 and FLT1 on chromosome 13-are significantly associated with severe DR and/or its progression. Angiopoietin 1 is a protein secreted by a variety of cells, including pericytes. It has angiogenic actions that are distinct from those of vascular endothelial growth factor and are mediated via a tyrosine kinase receptor expressed almost exclusively on endothelial cells. 44, 45 Angiopoietin 1 also has anti-inflammatory properties, suppressing the expression of adhesion molecules and blocking vascular permeability through vascular endothelial growth factor inhibition and strengthening of endothelial tight junctions. 46 FLT1 is a tyrosine kinase receptor, which is expressed on the surface of retinal vascular endothelial cells and mediates the biological effects of vascular endothelial growth factor. 47, 48 FLT1 is also expressed in peripheral blood monocytes and neutrophils, where it trig- gers chemotactic migration. 49 Thus, both ANGPT1 and FLT1 have a key role not only in angiogenesis and modulation of vascular permeability, but also in inflammation. Clinical and experimental data support the role of inflammation in DR. 50 In the present study, other genes involved either in inflammation (PLA2G4A, OLR1, and PPARG) or in the immune response (HLA-B) are associated with progression of DR, further underlining the close relationship of angiogenic and inflammatory pathways in DR. It is noteworthy, however, that while HLA polymorphisms have been implicated in the susceptibility to type 1 DM, previously published studies investigating their possible role in the development of DR have yielded conflicting results. 51 The ENPP1 gene on chromosome 6 is a type II transmembrane glycoprotein that cleaves various substrates, eg, the phosphodiester bonds of nucleotide sugars.
52
ENPP1 is thought to inhibit insulin signal transduction by interacting with the insulin receptor ␣ subunit. 52 Overexpression of ENPP1 results in insulin resistance, a metabolic abnormality that is present in type 1 DM and that has been linked to the vascular complications of DM. 52, 53 ENPP1 is also a binding partner of integrinsextracellular matrix proteins involved in cell adhesion, cell communication, and angiogenesis. 52, 54 In our African American patients, the integrin ␤5 gene is associated with progression of DR. Interestingly, the integrin ␤5 protein is expressed in the retinal fibrovascular tissue of PDR. 55, 56 In the present study, dopamine receptors DRD1 and DRD2 (located on chromosomes 5 and 11, respectively) and the serotonin receptor HTR1B (located on chromosome 6) show an association with severe DR and/or its progression, though DRD1 had a minor allele frequency of less than 0.05. DRD1 and DRD2 are expressed in the retina, where dopamine is the main catecholamine. 32, 57 Dopamine, in addition to its effects as a neurotransmitter, modulates retinal vessel diameter and retinal blood flow. 58 The DRD1 receptor gene is also involved in blood pressure regulation, and polymorphisms in this gene have been implicated in essential hypertension. 59, 60 HTR1B is expressed in ganglion cells in the retina. 61 In addition to being a neurotransmitter, serotonin is a major product of platelet activation and induces endothelium-dependent vasodilation through the formation of nitric oxide. 61 Thus, DRD1, DRD2, and HTR1B could influence the development of DR either through signaling within retinal cells or by influencing retinal blood flow. Furthermore, growth factors, eg, vascular endothelial growth factor, appear to affect both vascular and nervous systems, and this may have potential relevance to DR. 62 Our data also indicate that genes involved in retinal development are associated with severe DR. In fact, of all the genes reported here, BBS2 shows the strongest association with severe DR (Figure) . Little is known about the functions of the Bardet-Biedl syndrome proteins except that BBS2 abnormalities have been linked to retinal degeneration and increased incidence of DM and hypertension. 63 ROBO2 is an axon-guidance receptor located in the cell membrane. It belongs to the immunoglobulin superfamily and is expressed in the retina. 32, 64, 65 ROBO2 is also involved in cell adhesion and chemotaxis, both of which may explain its potential role in DR. The role of these developmental genes in relation to DR, however, remains to be elucidated. Strengths of our study include the geographically welldefined diabetic African American population, for whom cross-sectional and longitudinal DR data as well as clinical risk factors for DR are available, and in whom singlegene as well as haplotype associations were examined. While only some of the candidate genes and specifically chosen SNPs were included, the data gathered thus far are unique and provide support for some of the proposed mechanisms underlying the development of DR.
Because the pathogenesis of DR likely involves numerous pathways, some contributory genes may have been omitted. Future genome-wide association studies are expected to yield information for identifying additional genes of importance in the development of DR. Our findings may be confounded by the use of multiple comparisons, though we have been careful to use conservative P values. Finally, results of the study may not apply to other populations because of racial differences in genetic risks for the disease. This does not mean, however, that genes implicated herein cannot affect susceptibility in other populations. A challenge with the present study is the lack of comparable data for replication. The longitudinal data collected become valuable in this regard, as one would expect that some genes contributing to the development of disease would also contribute to the progression of disease. Thus, those genes implicated in both Tables 2 and 3 would be given higher priority for follow-up.
To date, efforts to reduce severity of DR have targeted clinical risk factors for the disease, aiming specifically at tight glycemic and blood pressure control. These changes are often either not attained or only partially achieved. Identifying genes that may be responsible for severity of the disease may help not only to better understand the pathogenesis but also to develop new approaches to the treatment of DR. The data we reported herein provide support for a polygenic component of severe DR. Additional studies that examine other candidate genes for the development of DR in our population of African Americans with type 1 DM are ongoing. 
D
r H. D. Noyes, of New York, began the discussion of the chief topic of the day, Antisepsis in Ocular Surgery, in which he detailed all of the minutiae of modern antiseptic surgery on the eye: of the preliminary care of the patient; soap and water to the face and surrounding region; boric acid for the same district after the preliminary washing; hot water, carbolized, for the instruments; a pad to cover the eye to be wet in a 1 to 2000 bichloride solution; the instruments to be put into actually boiling water; then to be placed for a while in pure alcohol just before the operation; next great care for cleanliness by the operator himself; and sterilized dressings for the eye after the operation was done.
The discussion of the topic was then taken up by many members, and of what each one said, a brief resume now follows.
Dr Randolph, of Baltimore, thought that the use of too hot applications for the instruments to be used in operations on the eye was likely to dull the edge of the knives especially, and for that reason he did not put the instruments into too hot aqueous solutions but into alcohol. He also paid extreme attention to the condition of the lachrymal secretions, and irrigated the sac very freely with boric acid in distilled water.
Dr E. Jackson, of Philadelphia, thought that ant preliminary bandage was bad practice, as it puts the eye into a worse condition to bear the operation. As the nose is often the starting place for lachrymal difficulties, the nostrils ought to be carefully examined, and treated wherever there is suspicion of lachrymal disease in eyes to be operated on with a corneal incision. Antisepsis in any operation on the lens means also a thorough removal of all lens substance and irrigation of the anterior chamber. 
